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Abstract

We examined the effect of hypoxia on the swimming speed, respiration rate (oxygen uptake), gape and ventilation
volume of the bonnethead shark,Sphyrna tiburo. We used a sonic flowmeter developed for this study to examine
swimming speed changes of sharks held in artificial lagoons during diurnal dissolved oxygen changes. Sharks
were observed to swim at about 34 cm s−1 during the day but increased to about 40 cm s−1 at night when dissolved
oxygen levels fell to< 3 mg l−1. Using a closed system respirometer we examined changes in swimming speed,
respiration rate and gape at four dissolved oxygen levels. Swimming speeds averaged 24 to 25 cm s−1 under
normoxic conditions but increased to 38 to 40 cm s−1 during hypoxia. Similarly, respiration rate increased with
increasing speed and decreasing dissolved oxygen. Gape averaged about 1.0 cm under normoxic conditions and
increased to a maximum of about 3.5 cm during hypoxia. Using assumed oxygen extraction efficiencies of 25, 50
and 75% and observed respiration rates, we estimated that ventilation volumes of about 25 to 470 l h−1, depending
upon oxygen concentration, would be necessary for gill ventilation. These experiments suggest that changes in
swimming speed and mouth gape are important for respiratory regulation in ram ventilating sharks.

Introduction

Changes in environmental oxygen concentration may
have profound effects on the behavior, physiology and
distribution of fishes. However, oxygen concentration
and its effect on swimming in the ram ventilating
fishes (sharks, tuna, mackerel, etc.) has not been
widely examined. These fish have lost the buccal
pumping mechanism and must maintain constant for-
ward movement for gill ventilation. The requirement
for continuous activity makes these fish behaviorally
and physiologically unique, but, likewise, makes them
difficult research subjects.

Apparently, there are species specific differences
in response to hypoxia among the ram ventilating
fishes. In some cases, environmental change, such as
hypoxia, may not affect swimming speed in continu-
ously active, ram-ventilating fishes (Magnuson 1973;
Dizon et al. 1977). Magnuson (1978) reported that

several scombrid species maintained constant swim-
ming speed despite changes in time of day, dissolved
oxygen concentration, water temperature, and degree
of food deprivation. However, an increase in swim-
ming speed in response to hypoxia has been observed
in some species. Dizon (1977) reported that hypoxia
elicited an increase in swimming speed in skipjack
tuna, Katsuwonus pelamis, but did not in yellowfin
tuna, Thunnus albacares.Bushnell and Brill (1991)
reported increases in swimming speed in bothK.
pelamisandT. albacaresin response to hypoxia.

The effect of hypoxia on elasmobranch behavior
and physiology has been restricted to a few studies
on species that are not obligate ram-ventilators (Ran-
dall 1970; Metcalf and Butler 1984). In this study,
we used a sonic flowmeter to examinein situ swim-
ming speeds of the ram-ventilating bonnethead shark,
Sphyrna tiburo during diurnal changes in oxygen
concentration. Additionally, we used closed system

fi681.tex; 27/08/1998; 12:56; p.1

F3/PALM/kb; FISH681; PIPSNR.: 164577 (fishkap:bio2fam) v.1.1



190

respirometry to examine hypoxia induced changes in
swimming speed, gape, and respiration rate (oxygen
uptake). Finally, we calculated ventilation volumes
over a range of dissolved oxygen concentrations and
gill extraction efficiencies.

Materials and methods

In situswimming speeds

Swimming speeds of captiveS. tiburo were moni-
tored at the Keys Regional Marine Lab, in Layton,
Florida. The sharks were captured by hook and line
from Florida Bay, held in captivity for about 10 days
and were feeding well. Sharks were held in artificial
lagoons measuring approximately 1.0 meter maximum
depth, 10 meters width and 30 meters length. Water
was pumped directly from Florida Bay and slowly cir-
culated through the lagoons with no detectable current.
During swimming speed determinations, temperature
and dissolved oxygen were measured once per hour
for a 24 h period.

A sonic tag (Figure 1) was attached to the sharks
through the dorsal fin and swimming speed monitor-
ing was begun 8 h later. The body of the tag was
constructed of PVC pipe and consisted of a propeller
connected to a rotating shaft with a magnet attached.
The rotating magnet opened and closed a reed switch
and thus turned a small 4.2 kHz transmitter off and
on. Power for the transmitter was supplied by a bat-
tery pack containing four, three volt, watch batteries.
The tag weighed 52.8 g in air and 20.5 g in seawater
and was approximately 11.0 cm long and 3.4 cm wide
(Figure 1). Details of the construction of the sonic tag
are available from the primary author. The tag was
attached to the shark such that the propeller was po-
sitioned just ahead of the first dorsal fin and was in
free-stream flow. The pulsed signal was recorded with
a hydrophone and cassette recorder for later analysis.

Prior to attaching the tag to the sharks, the signal
from the tag was calibrated by determining the pulse
rate at various current speeds using a Marsh-McBirney
flowmeter and a Brett type water tunnel. Calibration
of the tag was accomplished using the mid-body sec-
tion, with attached dorsal fin, removed from a freshly
sacrificed shark. The tag was attached to the dorsal
fin and the mid-body section was placed in the wa-
ter tunnel with the tag directed up current. Pulse rate
of the sonic tag was determined over a range of flow
speeds. Flow speeds during calibration were corrected
for solid blocking according to Smit et al. (1971).

Figure 1. A diagram of the sonic flowmeter used for the study.

Respirometry

Respirometry experiments were conducted at the Na-
tional Marine Fisheries Service Laboratory in Panama
City, Florida. Sharks were captured from St. Andrews
Bay, Florida using gill nets and transported to the lab-
oratory. Sharks were held for up to 1 month in outdoor
shaded, circular 4000-l tanks with flowing seawater.
Sharks used in experiments were feeding well and
exhibited no signs of poor health. Prior to experimen-
tation sharks were not fed for up to 96 h to achieve a
postabsorptive state.

To examine changes in behavioral and physio-
logical parameters in response to hypoxia, a closed
system, circular, respirometer (inner diameter 182 cm
× depth 58 cm) was constructed using a 1500-l poly-
ethylene tank. The tank was permanently sealed us-
ing silicon sealant and a plywood and plexiglas lid.
Plexiglas windows cut into the sides and top of the
respirometer allowed for behavioral observations dur-
ing experiments. A removable window in the top of the
tank allowed sharks to be placed in the respirometer.

The experiment began by filling the respirometer
with filtered and UV sterilized seawater at 30 ppt salin-
ity and 19(±2) ◦C temperature. We placed a shark
in the respirometer and following Parsons (1990) al-
lowed the shark to acclimate for 24 h. Continuous
aeration was provided during acclimation. After the
acclimation period, aeration ceased and the respirom-
eter was sealed. A polarographic oxygen electrode
was inserted into the respirometer and connected to
an amplifier and Linseis chart recorder for continu-
ous dissolved oxygen recording. During the experi-
ment, sharks swam continuously around the outer edge
which provided mixing of water. Preceding and imme-
diately after each experiment, oxygen concentration
was verified using a YSI Model 51B oxygen meter.
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Behavioral and physiological measurements (e.g.,
swim speed, gape, respiration rate) were taken every
30 to 60 minutes. Swimming speed (cm s−1) was mea-
sured by noting the time required for the shark to pass
between two points of known distance marked on the
respirometer. Gape was measured to the nearest 0.5 cm
by directly comparing gape to a vertical scale present
on the window and from photographs of the shark
taken through the window of the respirometer using a
35 mm camera. Respiration rate was calculated using
the general equation:

VO2 = bsv/w

where VO2 is respiration rate in mg O2 kg−1 h−1, b
is the rate of change of oxygen in the respirometer,
s is the solubility of oxygen calculated at the exper-
imental temperature and pressure, v is the volume
of the respirometer and w is the wet weight of the
shark. When dissolved oxygen concentrations reached
between 2.5 and 3.0 mg l−1, the seal was broken on
the tank and aeration begun. In some experiments, we
continued to monitor gape and swimming speed dur-
ing the return to normoxia (5.5–5.6 mg l−1). At the
end of the experiment the shark was removed from
the respirometer, weighed (kg± 0.01), total length
measured (cm± 0.1) and returned to the holding tank.
No sharks died as a result of these experiments and all
were later released.

Experiments and controls were conducted under
constant light to eliminate variation in external cues
that might influence swimming speed. To insure that
the hypoxia effect would not be confused with any
endogenous activity pattern that might exist, we con-
ducted experiments at all times of the day and night
such that hypoxic conditions never consistently coin-
cided with a particular time of day. The water in the
respirometer was replaced after 24 h of use and no sig-
nificant background respiration was measured when
the experiment was conducted minus the shark.

For data analysis, dissolved oxygen was grouped
into four treatment levels, 3, 4, 5 and 6 (± 0.5) mg
l−1 oxygen. The average of all replicate measurements
within each level were determined for each individual
shark. Consequently, the mean for each shark at each
oxygen treatment level was compared using a repeated
measures analysis of variance with post hoc tests. Re-
gression was used to examine the effect of dissolved
oxygen on respiration rate.

Figure 2. A linear regression of the relationship between flow rate
and signal frequency for the sonic flowmeter (r = 0.996).

Results

In situ swimming speeds

A linear relationship was observed between pulse rate
of the sonic tag and current speed (Figure 2). The
signal from the tag varied from about 5 pulses s−1 at
27 cm s−1 flow rate to about 15 pulses s−1 at 69 cm
s−1. There was no problem with the tag becoming
fouled.

Swimming speed was monitored over a 24 h pe-
riod (Figure 3) on 29 July and 5 August, 1991 using
two different female sharks of similar lengths (95 and
99 cm total length, 4.2 and 5.5 kg mass). Swimming
speeds were lowest during the day averaging 34.3
(± 2.5 SD) and 35.9 (± 2.1 SD) cm s−1, respec-
tively. Swimming speeds during the night averaged
38.3 (± 2.0 SD) and 39.6 (± 0.8 SD) cm s−1, respec-
tively. Student’s t-test revealed that swimming speeds
at night were significantly greater (p = 0.014 and 0.003
for 29 July and 5 August, respectively) than those
recorded during the day. There was also observed
a crepuscular increase in swimming speed immedi-
ately after sunrise and sunset (Figure 3). Swimming
speed decreased almost linearly throughout the morn-
ing hours with lowest speeds recorded between 1200
and 2000 h. Temperature of the lagoon varied lit-
tle during swimming speed observations ranging from
about 30◦C at night to about 33.5◦C during the day.
However, dissolved oxygen changes were extreme de-
creasing to a minimum of 2.6 mg l−1 at 0500 h and
increasing to a maximum of 6.0 mg l−1 at 1700 h.
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Figure 3. Swimming speeds ofS. tiburomonitored over 24 hour
periods. The means and standard deviations are shown for each hour.
The filled histogram represents speeds recorded on 29 July and the
open histogram on 5 August.

Respirometry

Sharks (n = 7) ranging in size from 61.0 to 94.3 cm
total length (mean = 77.4) were observed to increase
swimming speed in response to decreasing dissolved
oxygen. Data obtained demonstrated a relatively con-
stant 25 cm s−1 swimming speed over about 6.5 to
5.5 mg l−1. Between 4.5 and 5.4 mg l−1, speed in-
creased dramatically, reaching a maximum of about
38 cm s−1 at 2.0 to 3.0 mg l−1 (Figure 4). When
aeration was begun in the respirometer, swimming
speed decreased with increasing dissolved oxygen,
and soon returned to pre-hypoxia values (5.5 to 6.5 mg
l−1). Repeated measures ANOVA indicated significant
differences (p = 0.0001, df = 3) between all mean
swimming speeds at all dissolved oxygen levels but
no differences among sharks (p = 0.9931, df = 6).

We also found significant differences (p = 0.0001,
df = 3) between mouth gape at all dissolved oxygen
levels (Figure 5). Gape, measured at the symphyses of
the palatoquadrates and Meckel’s cartilages, increased
from a normoxic value of about 1.0 cm maximum
gape, to about 3.5 cm in hypoxic conditions. Similarly,
increases in gape to dissolved oxygen levels were not
different (p = 0.9306, df = 6) among sharks.

Weight specific respiration rate for 5 bonnethead
sharks were significantly different (p = 0.0177, df = 3)
between dissolved oxygen levels (Figure 5). Respira-
tion rate at normoxia (6.0 mg l−1) was about 115 mg
O2 kg−1 h−1 whereas respiration at hypoxia (3.0 mg
l−1) was about 350 mg O2 kg−1 h−1. Increases in
respiration rate in response to dissolved oxygen levels
were not different (p = 0.0708, df = 4) among sharks.

Figure 4. Changes in shark swimming speed and dissolved oxygen
during a typical respirometry experiment.

Gill ventilation volumes

We calculated gill ventilation volumes using the gen-
eralized equation:

Vg = r

d.o. x e.e.
(1)

where, Vg is gill ventilation volume in liters h−1, r
is respiration rate in mg O2 kg−1 h−1, e.e. is ex-
traction efficiency (the amount of oxygen removed
from the water passing over the gills) and d.o. is dis-
solved oxygen in mg l−1. Respiration rate (r) in the
above equation was obtained from the relationship be-
tween respiration and dissolved oxygen (Figure 5).
Substituting this into equation (1) provides:

Vg = 1063.93 ∗ (10−0.16lx)

d.o. ∗ e.e.
(2)

We calculated gill ventilation volumes using dissolved
oxygen values ranging from 3.0 to 6.0 mg l−1 and
extraction efficiencies of 25, 50 and 75% (Table 1).
Ventilation volumes varied from about 467 l h−1 at
3.0 mg l−1 oxygen and 25% extraction efficiency to
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Figure 5. The effect of dissolved oxygen on swimming speed,
gape and respiration rate. An exponential regression (y =
1063.93∗10−0.161x, r2 = 0.956) was used to describe the relation-
ship between dissolved oxygen and respiration rate. Numbers above
each treatment indicate repeated measurements made on 5 to 7
individuals.

26 l h−1 at 6.0 mg l−1 and 75% extraction efficiency
(Table 1).

Table 1. Dissolved oxygen and its effect on ventilation volumes.
Ventilation volumes were calculated using equation (2) and extrac-
tion efficiencies (e.e.) of 25, 50 and 75%

Dissolved Ventilation volume

oxygen (mg l−1) (l h−1) at e.e. of:

25% 50% 75%

3.0 467 233 156

4.0 241 121 80

5.0 133 67 44

6.0 77 38 26

Discussion

In situ swimming speeds

The sonic tag developed for this study allowed swim-
ming speeds of untethered, captive sharks to be contin-
uously recorded. After a period of acclimation, the tag
appeared to have little or no effect on normal swim-
ming speed. This was directly observable becauseS.
tiburo prefer to swim in groups and the tagged shark
spent most of the time swimming with two other un-
tagged sharks in the lagoon. Additionally, Blaylock
(1990) found that attachment of an external transmitter
had no immediate effect on cownose ray,Rhinoptera
bonasusswimming behavior. There was no trouble
with the tag fouling because of the short time periods
over which the tag was used. Although this tag was
utilized in a controlled environment, it could be easily
adapted for use on free-ranging sharks.

The results of this study suggest thatS. tiburo
maintains higher swimming speeds during nighttime
activity. A nocturnal activity pattern has likewise
been reported in the tiger shark,Galeocerdo cuvieri
(Springer 1963), nurse shark,Ginglymostoma cir-
ratum (Limbaugh 1963), horn shark,Heterodontus
francisciand swell shark,Cephaloscylium ventriosum
(Nelson and Johnson 1970) and lemon shark,Ne-
gaprion brevirostris(Gruber 1984; Gruber et al. 1988,
Nixon and Gruber 1988). However, Hobson (1968)
reported thatCarcharhinussp. are characterized by
crepuscular feeding activities whereas Klimley et al.
(1992) found no evidence for crepuscular feeding in
the great white shark,Carcharodon carchariasat the
South Farallon Islands, California.

The nocturnal activity pattern reported here is in
contrast to earlier findings (Parsons 1991) which sug-
gested thatS. tiburo averaging about 75 cm total
length maintain a relatively constant swimming speed
of about 41 cms−1during day and night. In that
study, swimming speeds were determined by an ob-
server who estimated the time required for a shark
to pass between two points. Individual sharks could
not be identified so data from several similarly sized
sharks were pooled. The use of the telemetry device in
this study, provided continuously recorded swimming
speeds for individual sharks. Possibly, the relatively
crude method for determination of swimming speeds
and the fact that individuals could not be identified
may have masked any swimming speed differences
in Parsons (1991). However, it is also possible that
differences in diurnal oxygen concentrations observed
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in this study could account for the swimming speed
differences. The change in swimming speed observed
in the present study coincided with diurnal changes in
dissolved oxygen. Dissolved oxygen was observed to
be at its lowest level in early morning (< 3.0 mg O2
l−1, 0500 h) and, after sunrise, increased steadily to a
peak (6.0 mg O2l−1) at 1600 h. Dissolved oxygen dif-
ferences between the present study and that of Parsons
(1991) may have been important in determining activ-
ity patterns. The lagoon in which sharks were studied
in Parsons (1991) was aerated continuously to prevent
changes in dissolved oxygen. The lack of a diurnal
dissolved oxygen change in that study may explain the
absence of a significant difference between night and
day swimming speeds. This observation prompted us
to examine the effect of hypoxia on swimming speeds
under controlled conditions.

Hypoxia and its effect on swimming speed

There has been no work published on the effect of dis-
solved oxygen on swimming speeds in ram-ventilating
sharks. However, this effect has been studied in ram-
ventilating bony fishes. In some cases, the swimming
speeds of ram-ventilating fishes may not vary with en-
vironmental change (Magnuson 1978) while in others
there is an increase in speed (Dizon 1977). Gooding
et al. (1981) found that sustained swimming in the
skipjack tuna,Katsuwonus pelamiswas independent
of oxygen concentration until about 4.0 mg l−1. Be-
low this concentration, swimming speeds increased
in a manner similar to that presented here. Bush-
nell and Brill (1991) report that both skipjack tuna,
K. pelamisand yellowfin tuna,Thunnus albacares
demonstrated increased swimming speed when dis-
solved oxygen declined to about 124 mmHg (about
6.0 mg l−1). Swimming speed of a yellowfin tuna in-
creased to about 60 to 65 cm s−1 at about 90 mmHg
(about 4.3 mg l−1). In this study, we observed in-
creases in swimming speeds at about 5 mg l−1 and
maximum speeds (about 40 cm s−1) were observed at
about 2-3 mg l−1.

Swim speeds in the respirometer were somewhat
greater than those observedin situat similar dissolved
oxygen concentrations. Similarly, Lowe (1996) found
differences in swimming kinematics of scalloped ham-
merhead sharks,S. lewini between those swimming
in a pond and those tested in a flume. We suggest
that the differences in swimming speeds observed be-
tween sharksin situ and those in the laboratory may

have been due to the added stress that resulted from
handling and confinement in the respirometer.

It is interesting that tuna species apparently display
a high sensitivity to hypoxia, responding to relatively
modest decreases in dissolved oxygen concentrations.
In contrast, S. tiburo did not show a measureable
increase in swimming speed until about 5 mg l−1 dis-
solved oxygen likely due to the higher oxygen demand
observed in tunas.

Hypoxia and its effect on mouth gape, respiration rate
and ventilation volume

Typical fish are able to regulate gill ventilation by
changing gill beat frequency, mouth gape, and, at least
in some cases, swimming speed. It is also possible that
branchial resistance to flow may be altered although
we are not aware of this having been documented
in fish. In the ram-ventilating fishes, an increase in
swimming speed and/or an increase in gape are avail-
able for increasing gill ventilation rate. In this study
we observed increasing mouth gape in response to
hypoxia. This gaping behavior combined with the in-
crease in swimming speed noted above, served to
increase gill ventilation volume and thereby increase
oxygen uptake.

We likewise recorded an increase in respiration
rate with decreasing dissolved oxygen (Figure 5). This
increase in respiration rate was likely indirectly re-
lated to hypoxia and probably due to increased swim-
ming speeds and, thus, higher energy demands. This
relationship illustrates an apparent contradiction in
that oxygen uptake increases with decreasing oxygen
availability. However, this is no different than other
ventilatory regulating mechanisms such as increasing
buccal pumping in typical fish or panting in birds or
mammals. Although, there is a cost associated with
each of these regulatory responses, the assumption
with each is that the cost of increased ventilation is
out-weighed by the benefit of increased oxygen up-
take. The results presented here suggest that increased
mouth gape and forward movement in response to
hypoxia are important mechanisms for regulating gill
ventilation and oxygen uptake.

The observed increase in respiration with decreas-
ing dissolved oxygen also has important implications
when closed system respirometry is used to determine
routine metabolic rates for estimating daily energy
budgets. If dissolved oxygen levels drop below about
5 mg l−1 then metabolic rates will be elevated result-
ing in inflated daily energy expenditure estimates.
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When respiration rate and oxygen extraction ef-
ficiency are known then gill ventilation volume can
be calculated (equation 2). We calculated gill ven-
tilation volume (Table 1) over a range of dissolved
oxygen values using observed respiration rates (Fig-
ure 5) and assumed extraction efficiencies. Extraction
efficiencies in other elasmobranchs have been found
to be about 25% in spiny dogfish,Squalus suckleyi
(Lenfant and Johansen 1966) and about 50% in the
dogfish,Scyliorhinus stellaris(Piper and Schumann
1967). Bushnell and Brill (1991) report about a 50%
extraction efficiency in skipjack and yellowfin tuna.
Although we report ventilation volumes across a range
of extraction efficiencies, we suggest that due to its
high activity levels,S. tiburowill have an extraction
efficiency similar toS. stellarisof about 50%. Assum-
ing this, ventilation volumes at normoxic conditions
(5.0 to 6.0 mg l−1) will be about 40 to 70 l h−1 (Ta-
ble 1). This is in contrast to ventilation volumes mea-
sured by Bushnell and Brill (1991) for yellowfin and
skipjack tuna using the dye dilution method. Under
normoxic conditions (about 7.5 mg l−1) yellowfin and
skipjack tuna ventilation volumes were 486 and 612 l
h−1, respectively. We calculated ventilation volumes
of these tuna species using equation (2) and values
reported by Bushnell and Brill (1991, Table 2), and
found good correspondence (421 and 594 l h−1, re-
spectively) with the dye dilution values. This suggests
that reasonable ventilation volume estimates may be
calculated using equation (2) when oxygen extraction
efficiency and respiration rate are known.

We found it interesting that the tuna species have
much higher ventilation volumes in comparison toS.
tiburo. Parsons (1990) reports thatS. tiburo has a
metabolic rate similar to ‘typical’ bony fish whereas
tuna species have elevated metabolic rates. Bushnell
and Jones (1994) reviewed the various adaptations that
support exceptionally high metabolic rates in tuna.
Similarly, Brill (1996) considered the advantages of
high performance physiology in tunas, bill fishes, and
dolphin fish. Therefore, it is not surprising that venti-
lation volumes in fish with high metabolic rates such
as tuna, would be different if extraction efficiencies are
similar.

The above results suggest that swimming speeds of
S. tiburoand of other ram-ventilating fishes may be af-
fected by changing environmental oxygen concentra-
tions. Parsons (1987) reports that during summer, dis-
solved oxygen concentrations measured on the grass
flats in Florida Bay, Florida averaged 5 mg l−1during
the day. Concentrations at night would likely be lower.

AlthoughS. tiburois a continuously active, ram ven-
tilator its apparent tolerance to hypoxia may allow
it to exploit the warm, shallow water environment
more effectively than other shark species. If this is
the case then it may be predicted that this species
would demonstrate high blood oxygen affinity and a
large Bohr factor similar to that seen in the hypoxia
tolerant bat rayMyliobatis californica(Hopkins and
Cech 1995). The results presented here suggest that
dissolved oxygen must be considered in any study of
swimming speed or metabolic rate in ram-ventilating
fishes, in both a captive situation and in free-living
animals.
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